Models project that Antarctic sea ice area will decline considerably by the end of this century, but the consequences remain largely unexplored. Here, the atmospheric response to future sea ice loss in the Antarctic is investigated, and contrasted to the Arctic case, using the Community Earth Systems Model (CESM) Whole Atmosphere Coupled Climate Model (WACCM). Time-slice model runs with historic sea ice concentrations are compared to runs with future concentrations, from the late twenty-first century, in each hemisphere separately. As for the Arctic, results indicate that Antarctic sea ice loss will act to shift the tropospheric jet equatorward, an internal negative feedback to the poleward shift associated with increased greenhouse gases. Also, the tropospheric response to Antarctic sea ice loss is found to be somewhat weaker, more vertically confined, and less seasonally varying than in the case of Arctic sea ice loss. The stratospheric response to Antarctic sea ice loss is relatively weak compared to the Arctic case, although it is here demonstrated that the latter is still small relative to internal variability. In contrast to the Arctic case, the response of the ozone layer is found to be positive (up to 5 Dobson units): interestingly, it is present in all seasons except austral spring. Finally, while the response of surface temperature and precipitation is limited to the southern high latitudes, it is nonetheless unable to impact the interior of the Antarctic continent, suggesting a minor role of sea ice loss on recent Antarctic temperature trends.
Introduction
Although Antarctic sea ice extent has been increasing steadily at a small but significant rate of nearly 2% decade 21 over the last 40 years (Comiso et al. 2017) , it is hard to imagine, under the current trajectory of greenhouse gas emissions, a scenario without a significant reduction in sea ice extent by the end of this century. In fact, 2017 and 2018 were at, or near, record lows for Antarctic March sea ice extent (NSIDC 2018) . In all of the representative concentration pathways (RCPs) examined by the Intergovernmental Panel on Climate Change's Fifth Assessment Report, both Arctic and Antarctic sea ice extent are projected to decrease by 2100 (Collins et al. 2013) . The atmospheric response to future Antarctic sea ice loss under a changing climate is, at present, a largely unexplored question. The recent literature has almost entirely focused on the atmospheric effects of Arctic sea ice loss [for recent reviews see e.g., Cohen et al. (2014) and Vihma (2014) ], partly motivated by the recent dramatic reduction of Arctic sea ice extent at a rate of over 4% decade 21 (Vaughan et al. 2013) . The consequences of diminishing Arctic sea ice on the high latitudes are well established, with higher levels of warming in the Arctic than at lower latitudes, and increased precipitation in that region Screen and Simmonds 2010) . There is less agreement, however, on the impact of Arctic sea ice loss on the midlatitudes (Barnes and Screen 2015; Overland et al. 2015; Screen 2017a) . Evidence from climate models suggests that Arctic sea ice loss acts to shift the jet equatorward in winter (Butler et al. 2010; Deser et al. 2010; Peings and Magnusdottir 2014; Sun et al. 2015 , hereafter S15) and the robustness among models has been documented in Screen et al. (2018) . However, many features of the midlatitude response to sea ice loss identified from the recent historical trends (Screen et al. 2013; Mori et al. 2014; McCusker et al. 2016; ) seem to be model dependent.
For instance, there is disagreement over whether sea ice loss causes a weakening (Kim et al. 2014; Peings and Magnusdottir 2014 ; S15) or a strengthening (Cai et al. 2012; Screen et al. 2013; Sun et al. 2014 ) of the polar vortex. S15 demonstrate that part of the discrepancy can be reconciled by the competing effect from the sea ice loss in the Pacific and Atlantic sector: melting sea ice in the Atlantic sector is linked to enhanced wave propagation into the stratosphere and a weaker vortex whereas melting sea ice in the Pacific sector is linked to wave suppression and a stronger vortex. This cancellation, also reported in McKenna et al. (2018) , is found to produce a muted stratospheric response when sea ice loss is imposed in both sectors.
Unlike the Arctic, there has been very little research concentrating on the atmospheric impacts of projected Antarctic sea ice loss. The Antarctic offers the opportunity to investigate the effects of future sea ice loss in a simpler setting than the Arctic because 1) most of the major landmasses are found in the Northern Hemisphere, 2) the Southern Hemisphere atmospheric circulation is more zonally symmetric, and 3) projected sea ice losses are much less regionally varying in the Antarctic. In the context of historical trends, it has been suggested that recent sea ice expansion might have resulted in a small poleward jet shift during the cold seasons . Results from Raphael et al. (2011) suggest that changes in Antarctic sea ice in austral summer may also have an effect on the atmospheric circulation. Complicating matters, Bracegirdle et al. (2018) suggest that the relationship between Antarctic sea ice extent and the strength of the southern jet is possibly stronger than the relationship with the latitudinal position of the jet. On the subject of future Antarctic sea ice decline, we are aware of only three studies that have used comprehensive climate models, and their results are in disagreement; Kidston et al. (2011) find no significant effects when contracting the sea ice edge, whereas Bader et al. (2013) (while investigating the response in austral winter alone) find an equatorward shift of the tropospheric jet, in agreement with an earlier study by Menendez et al. (1999) . The effect of the changing Antarctic sea ice on the midlatitudes is still largely an unresolved question.
In this paper, we examine the atmospheric response to future reduced Antarctic sea ice extent, and contrast it with its Arctic counterpart, using a state-of-the-art climate model. Following S15, we use the National Center for Atmospheric Research (NCAR) Whole Atmosphere Community Climate Model (WACCM), a model with a well-resolved stratosphere and interactive chemistry for stratospheric ozone. We find that projected Antarctic sea ice losses have a clear and robust effect on the tropospheric circulation throughout the year, albeit with an amplitude that is somewhat smaller compared to the Arctic response.
This paper is organized as follows. In Section 2, we describe the model and experimental design used in this study. In section 3, we compare and contrast the atmospheric response, in the troposphere, stratosphere, and at the surface, to future Antarctic and Arctic sea ice loss. The paper is concluded with a summary and discussion in section 4.
Data and methods

a. Model
For this study we employ the WACCM4, a high top model that participated in phase 5 of the Coupled Model Intercomparison Project (CMIP5), and was fully documented by Marsh et al. (2013) . It has a horizontal resolution of 1.98 latitude by 2.58 longitude, with 66 vertical levels and a model lid extending up to the lower thermosphere, near 140 km. In addition to enhanced vertical resolution in the stratosphere and mesosphere, WACCM incorporates an interactive stratospheric chemistry package, and special gravity wave parameterizations for the upper atmosphere. These features give this model a much improved representation of the stratosphere than low top models. Employing a high top model is important because recent research has identified the stratosphere as a possible pathway for interactions between the polar climate and midlatitude weather (Peings and Magnusdottir 2014; Zhang et al. 2018) .
b. Experiments
We investigate the effect of Antarctic and Arctic sea ice loss on the atmospheric circulation by performing three numerical experiments, each 151 years long, using WACCM: a control run and two perturbed sea ice runs. The control experiment is forced with a repeating seasonal cycle of sea ice concentration (SIC) and sea surface temperature (SST), averaged over the period 1955-69 (the reason for this choice is discussed below), obtained from the mean of a six-member ensemble of historical twentieth-century simulations with the corresponding fully coupled version of WACCM (Marsh et al. 2013 ). The two perturbation experiments are specified with repeating seasonal cycles of polar SIC in one hemisphere, averaged over the period 2085-99, from the mean of a six-member ensemble of twentyfirst-century simulations of the fully coupled version of WACCM, forced by RCP8.5. The perturbed Antarctic experiment has prescribed 2085-99 values for Antarctic SIC, but Arctic SIC is unchanged from the control. Similarly, the perturbed Arctic experiment has prescribed 2085-99 values for Arctic SIC, but Antarctic SIC is left unchanged from the control. The SSTs in the perturbation experiments are handled using the same method as in S15: in the perturbation experiments, SSTs are changed to end of the century values, averaged from the six WACCM RCP8.5 runs, only in grid cells where SIC is projected to decrease. Following convention (e.g., Peings and Magnusdottir 2014) , sea ice thickness is specified to be 2 m in the Arctic and 1 m in the Antarctic.
While it is common to use the year 2000 (or present conditions) for the control runs, in our experiments all forcings (including ozone-depleting substances) are fixed at 1955 year levels, except for SIC. In all other aspects, the design of these experiments is similar to the Arctic runs performed by S15. However, we have chosen to use an earlier period for the control because we are primarily focusing on the Southern Hemisphere. By fixing all forcings at 1955 values, we can avoid including a perpetual stratospheric ozone hole in the simulations [recall that the Antarctic polar stratosphere is severely perturbed at present, but the ozone hole is expected to recover by 2060-80; WMO (2014) ]. To avoid complicating matters with the recovery of stratospheric ozone, we have selected the SIC from the middle of the twentieth century, before the ozone hole over Antarctica was ever formed. This choice results in a slightly larger amount of sea ice loss than the one imposed by S15; however, since the vast majority of the loss is projected to occur in the twenty-first century, the results of these two studies are broadly comparable in the Arctic.
c. The imposed sea ice forcing
Given our experiment design, it should be clear that differences found in the atmospheric circulation between the Antarctic perturbation experiment and the control experiment can be attributed to Antarctic sea ice loss, although a small remnant of internal variability might be present, even with such long integrations (150 years). Similarly, differences found in atmospheric circulation between the Arctic perturbation experiment and the control experiment can be attributed to Arctic sea ice loss. Therefore, we start by examining the SIC forcing, and contrasting the Antarctic and Arctic losses of sea ice. Figure 1 shows the differences between the perturbation experiments and the control experiment for the Arctic SIC (first row) and Antarctic SIC (third row). SIC is projected to diminish in all seasons in both hemispheres by the end of the century. In the Northern Hemisphere, significant sea ice loss is found in the Arctic Circle in summer and autumn. In the winter and spring, sea ice loss is restricted to the marginal zones, especially the Bering Sea, Hudson Bay, the Sea of Okhotsk, and the Barents Sea. In comparison, the predicted sea ice loss in the Southern Hemisphere appears far more zonally symmetric. In austral winter and spring the projected sea ice loss is an annulus completely encircling the Antarctic continent, whereas in austral autumn future sea ice loss is confined to the Antarctic coastline. The net heat flux (the sum of the longwave flux, the sensible heat flux, and the latent heat flux) associated with these sea ice changes is also shown (second and fourth row) with, as expected, areas of sea ice melt losing energy to the atmosphere. Equatorward of the sea ice loss region, the atmosphere can be warmed by thermal advection while SSTs are fixed by experimental design. This leads to a downward heat flux response, a common feature in similar modeling studies (e.g., Deser et al. 2010) .
The area-integrated quantities of sea ice and net heat flux, and their variations throughout the year, are presented in Fig. 2 . The seasonal cycle of sea ice area (SIA) for the control (averaged 1955-69) and the perturbed experiments (averaged 2085-99) are shown for the Arctic (Fig. 2a ) and the Antarctic (Fig. 2b) . Consistent with the theory of Eisenman et al. (2011) , SIA becomes less seasonally varying in the Antarctic by the end of the century, whereas the seasonal cycle of Arctic sea ice becomes larger. This is more easily interpreted by considering the timing of the maximum Arctic sea ice loss ( Fig. 2c ), which aligns with the Arctic September minimum ( Fig. 2a) , whereas the minimum Antarctic sea ice loss ( Fig. 2c ) coincides with the Antarctic February minimum (Fig. 2b) .
The annual cycle of net surface flux ( Fig. 2d ) and total forcing to the atmosphere (Fig. 2e) , arising from the SIC changes, are lagged by a few months after the timing of the maximum sea ice loss in the Arctic, but this does not seem to be the case in the Antarctic. Recall that changes in heat flux need not be in phase with changes in sea ice loss; for example, in the Arctic, the energy transport from the ocean to the atmosphere is highest in winter even though sea ice loss peaks in the autumn. The details of how the net surface flux and the total forcing to the atmosphere were calculated are included in the appendix. We expect to see the largest atmospheric circulation response to sea ice loss in months where the net surface flux peaks, so winter for the Arctic, and autumn and winter for the Antarctic. In addition to the role played by the net surface fluxes, the basic climatological state of the atmosphere is also important, as shown by .
The experimental setup for the experiments is summarized in Table 1 . The following figures will all show the difference (future 2 past) between the perturbation and the control experiments: we will refer to these as the ''response'' to sea ice loss. In all of the following figures the months have been aligned so that boreal and austral seasons correspond with each other. To calculate the strength and latitudinal position of the tropospheric jet, we use the approach of Bracegirdle et al. (2018) . The zonally averaged zonal wind between 758 and 158S (Southern Hemisphere jet) and 158 and 758N (Northern Hemisphere jet) is interpolated with a cubic spline onto a 0.18 latitude grid; from this interpolated curve, the maximum wind speed and its location is determined for each month. A two-sided Student's t test is used to estimate the statistical significance of all responses. We discard the first year of each 151-yr simulation from our analysis.
3. The atmospheric response to future sea ice loss a. Tropospheric response Figure 3 shows the zonally averaged temperature response (shading) throughout the whole atmosphere to Arctic (top row) and Antarctic (bottom row) projected future sea ice losses in the four seasons, overlaid on to the climatological temperature structure from the control experiment (contours). High levels of local warming are evident at high latitudes over the regions of sea ice loss. In both hemispheres, the response peaks in winter and is smallest in summer: this corresponds to the seasonal cycle of the net surface flux. It can be seen that, in the troposphere, the response in the Arctic shows larger seasonal variations whereas, in the Antarctic, the temperature response is more similar throughout the year. Examining the first harmonic of the area-averaged temperature response in the lower troposphere, the Arctic response has a seasonal cycle amplitude that is 2.1 times larger than that for the Antarctic response, and is significantly different at a 99% level.
The local warming is clearly confined, both latitudinally and vertically. In neither hemisphere we find a large mid-to upper-tropospheric warming, although the warming extends slightly higher in the Arctic (up to 400 hPa) compared to the Antarctic (up to 600 hPa).
Note also a small cooling response above 600 hPa in the Antarctic for most of the year. The largest stratospheric temperature changes are found in the Arctic in winter, but the stratospheric response is examined in section 3b below. Figure 4 shows the zonally averaged zonal wind response throughout the whole atmosphere to projected Arctic and Antarctic sea ice loss (shaded). Again, it is clear that the tropospheric zonal wind response to Antarctic sea ice loss is less seasonally confined than for the Arctic case, although the biggest response occurs in spring. In the Arctic, the largest wind changes are seen in the stratosphere; however, even with our century-long integrations, most of the stratospheric response is not statistically significant because of the high variability in the Arctic stratosphere. In agreement with most previous studies, we find that melting sea ice causes an equatorward shift in the tropospheric jet in both hemispheres. This agrees with the recent finding of Baker et al. (2017) who suggest that, as long as it is located on The tropospheric zonal wind response to future sea ice loss throughout the year is illustrated in Fig. 5 , which shows the entire seasonal cycle of zonal wind response at 700 hPa. This plot best conveys the difference in the seasonality of the response to future Arctic and Antarctic sea ice loss. The latitudinal position of the maximum zonal wind of the control run is indicated by the black dots, to demonstrate that both Arctic and Antarctic sea ice loss result in jet shifts, although as discussed later Antarctic sea ice loss also causes a weakening of the jet. These results disagree with the findings of Kidston et al. (2011) who find no apparent effect on the zonal wind. The major difference between the atmospheric responses in the two hemispheres is that Antarctic sea ice losses causes an equatorward shift of the eddy-driven jet throughout the entire calendar year, whereas the Arctic response is largest between December and May and not significant at all in the autumn. Last, we note that the peak response to future Antarctic sea ice loss is somewhat smaller than in the Arctic, albeit statistically significant for every month of the year.
To further elucidate the response of the tropospheric jet, the top panel of describing the jet: the jet maximum speed and its latitudinal location (details about how these parameters are calculated are included in section 2). Consistent with Fig. 5 , the response of the Southern Hemisphere tropospheric jet is a small but significant equatorward shift in every month, whereas the jet response to Arctic sea ice loss is not statistically significant for roughly a third of the year. The amplitude of the seasonal cycle of the response to Arctic sea ice loss is roughly double that of the Antarctic response, similar to the response of nearsurface temperature discussed previously. Interestingly, one important feature where Antarctic sea ice loss seems to have a larger impact on than Arctic sea ice loss is the jet strength, shown in the bottom panel of Fig. 6 . While the impact of sea ice loss is to weaken the tropospheric jet in both hemispheres, Antarctic sea ice loss has a significantly larger effect. This is consistent with Bracegirdle et al. (2018) who reported a stronger relationship between Antarctic sea ice extent and jet strength, than between sea ice extent and the latitudinal location of the jet. Although Bader et al. (2013) do not decompose the jet response into the strength and location, it seems that their results tell a similar story (although their experiment only examines the summertime). The role of jet strength could offer a partial explanation of why, even though the seasonal cycle of total forcing to the atmosphere is the same in both hemispheres, the response of the Southern Hemisphere jet latitude varies less seasonally than the Northern Hemisphere jet latitude; rather, these seasonal variations manifest themselves in a weakening of the jet. Figure 7 shows the zonal wind response at 700 hPa for each of the four seasons. The tropospheric zonal wind response due to future Antarctic sea ice loss is largely zonally symmetric, unlike the regional response to Arctic sea ice loss. One would have predicted a more zonal response in the Southern Hemisphere for two reasons: 1) the projected end of the century sea ice losses, seen in Fig. 1 , are approximately zonally symmetric in the Antarctic and regionally confined in the Arctic; and 2) the effects are acting upon a climatological state that is far more zonally symmetric in the Southern Hemisphere (Kushner et al. 2001) . In contrast, in response to melting Arctic sea ice, WACCM's primary center of action FIG. 6 . Seasonal cycle of response of the Northern Hemisphere and Southern Hemisphere tropospheric jet (at 700 hPa) to sea ice loss. (top) The equatorward jet shift response and (bottom) the change in jet strength, with the negative values indicating a slowdown of the jet. For information on how these parameters were calculated, refer to section 2. Shading indicates the 1/22s envelope. Note that months have been shifted to align northern and austral seasons.
seems to be over the Pacific basin (not the North Atlantic): this is a common feature of many climate models (Gong et al. 2017 ). Figure 8 shows the seasonal cycle of the stratospheric zonal wind response to future sea ice loss, as in Fig. 5 , but at 10 hPa rather than 500 hPa. One can easily see that while the tropospheric responses to Arctic and Antarctic sea ice loss are quite similar, the stratospheric responses are not. Arctic sea ice loss results in a strengthening of the polar vortex in our model between December and March, although the reader should note that much of it is not statistically significant. Our findings differ from many other modeling studies (Kim et al. 2014; Peings and Magnusdottir 2014) , and perhaps most interestingly, S15, who used a very similar experimental design and the same model as we do. Although the stratospheric response in boreal spring is the same, S15 find a slowdown of the polar vortex in winter. We offer two possible explanations of this discrepancy: 1) given that the changes are small relative to the climatological conditions and much of the changes are not statistically significant, the differences could simply arise from the large levels of internal variability in the stratosphere; or 2) our study imposes slightly more sea ice loss in the Pacific sector (e.g., in the Sea of Okhotsk in winter) than S15 and, as a consequence, wave suppression could be more pronounced, leading to a stronger polar vortex. If the 150-yr integration is broken down into three 50-yr chunks, 1 of those 3 time periods shows a large weakening of the winter stratospheric vortex in the Northern Hemisphere, rather than a strengthening (not shown). The fact that the sign of the response is not consistent throughout the integration suggests that internal variability might be the most important factor behind these differences.
b. Stratospheric response
The largest, and robust, stratospheric response to Antarctic sea ice loss, in Fig. 8 , is seen in austral autumn (MAM): it consists of a weakening of the polar vortex on its poleward flank and a slight strengthening on its equatorward flank. Although these responses are statistically significant, their amplitudes are small and constitute only a few percent of the climatological state, with the Southern Hemisphere polar vortex being much stronger than its northern counterpart. It is possible that this small stratospheric response could be intensified when the atmospheric model is coupled to an interactive ocean , but that remains to be established for our model. To investigate the stratospheric responses further, Fig. 9 shows the stratospheric Eliassen-Palm (E-P) flux divergence response to Arctic and Antarctic sea ice loss. E-P flux divergence quantifies wave dissipation. Consistent with the stratospheric wind response, the largest change E-P flux divergence in the stratosphere is during boreal winter in response to Arctic sea ice loss. The increase in E-P flux divergence (reduced wave dissipation) is related to a suppression of upward wave propagation into the stratosphere (not shown), and thus a strengthened stratospheric jet. The E-P flux divergence response in the Antarctic, largest in austral spring and autumn, is weaker and does not impact the strength of the stratospheric jet. Projected sea ice losses in the Antarctic are highly zonally symmetric, and thus might not cause large changes in planetary waves and the stratospheric circulation.
Leveraging the fact that WACCM has interactive stratospheric chemistry, we now investigate the impact of sea ice loss on stratospheric ozone concentrations. Changes in stratospheric ozone have been shown to have an important impact upon the climate system (Previdi and Polvani 2014) . Analyzing the same set of runs as in S15, Sun et al. (2014) find that Arctic sea ice loss causes a significant reduction of total column ozone in the spring, by over 30 Dobson units. Figure 10 shows the response of total column ozone to Arctic and Antarctic sea ice loss in our runs. In agreement with Sun et al. (2014) , we find a reduction of total column ozone in the spring (although of roughly half their magnitude), and this reduction extends back through the winter to November. This response is consistent with the stratospheric cooling seen in these seasons. The differences in the amplitude of stratospheric ozone seen in these two set of experiments might be linked to the different climatological conditions in the control runs; Sun et al. (2014) analyze a base period with reduced Arctic stratospheric ozone owing to the high levels of hydrocarbons in their simulations (Manney et al. 2011 ). These results further highlight how sensitive the stratospheric response is to the experimental design of these sea ice loss experiments.
In contrast to the reduction in stratospheric ozone seen in response to Arctic sea ice, Fig. 10 that Antarctic sea ice loss will actually cause an increase in stratospheric ozone, throughout much of the year. The response of ozone in the two hemispheres is consistent with the stratospheric temperature changes and their effect on ozone production rates. Another difference between the two hemispheres is that the response to Antarctic sea ice loss does not coincide with the season of maximum ozone depletion [SON; WMO (2014) ]; austral spring actually exhibits the smallest response of any season. Note that in both hemispheres the response of stratospheric ozone concentrations to sea ice loss is small compared to the climatological values (especially in the Antarctic where the response constitutes only 1%-2%). Long integrations are required to detect statistically significant differences [see Fig. 2b of Sun et al. (2014) for an indication of the large internal variability]. These changes in ozone are not considered large enough to influence the dynamics. Nevertheless, stratospheric ozone offers another instance with interesting differences between the atmospheric response to Antarctic and Arctic sea ice loss.
c. Surface response
Of potential societal and ecological importance, it is important to understand the surface response to Antarctic sea ice loss, starting from the surface temperature response that is shown in Fig. 11 . First, note that the amplitude of warming in both hemispheres is similar with a maximum of roughly 108C in the wintertime. Second, note that surface temperature changes in both hemispheres are broadly confined to the polar regions, with Arctic sea ice loss having a slightly larger effect toward the equator because the sea ice loss extends to lower latitudes. Third, our model shows that projected sea ice losses in the Southern Hemisphere have negligible impact upon the surface temperatures of the interior of the Antarctic continent; however, we note a warming over the peninsula and the west Antarctic, which might have profound impacts upon the stability of Antarctic ice shelves (Trusel et al. 2015) . It is probable that coupling to an interactive ocean would intensify the local warming further into the continent, and extend it in height ), but we find it surprising how trapped near to the surface the response is in these runs, given the magnitude of the sea ice loss imposed. We also point out that Arctic sea ice loss causes a clear winter Eurasian cooling in these model integrations, between 18 and 28C, in agreement with other studies (Cohen et al. 2014; Mori et al. 2014; S15; Wu and Smith 2016) ; however this response is not found by all studies (Screen et al. 2013; McCusker et al. 2016; and it may partly depend on the magnitude of the sea ice forcing. We conclude by examining how precipitation responds to Arctic and Antarctic sea ice loss (Fig. 12) . It can be seen that precipitation changes correspond to changes in the net heat flux, shown in Fig. 1 . Areas in which the net heat flux is positive (where the ocean is releasing energy into the atmosphere) are collocated with an increase in precipitation. Conversely, areas in which the net heat flux is negative (where the atmosphere is losing energy to the ocean) experience a decrease in precipitation. This similarity between the net heat flux and local precipitation is in agreement with the findings of Deser et al. (2010) , who show that the seasonal cycle of the averaged net heat flux and the integrated precipitation are completely in phase with one another. In the Southern Hemisphere, changes in precipitation at low latitudes, which could be affected by the midlatitude jet are not significant. There is no significant change in precipitation over populated landmasses in the Southern Hemisphere, such as Australia or South America, as the response is confined near the regions of sea ice loss. These results suggest a small impact of Antarctic sea ice loss on the midlatitudes in the Southern Hemisphere, either through changes in temperature or precipitation. Including ocean coupling, however, could alter this conclusion, because ocean dynamics could act as a pathway to extend the impacts to the lower latitudes . Over the period 1979 -2009 only find significant changes in precipitation near Australia or South America when the atmosphere is coupled to an interactive ocean.
Summary and discussion
a. Summary
We have performed a comprehensive set of model experiments to compare the atmospheric response to projected late twenty-first-century Arctic and Antarctic sea ice loss. There has been very little research on the effects of Antarctic sea ice loss, so our aim was to place the findings in the context of the Arctic, for which a vast literature exists. Our main conclusion is that future Antarctic sea ice loss is likely to have a significant impact on the atmospheric circulation throughout the year, with comparable magnitude to the impact of Arctic sea ice loss. We find that in both hemispheres, sea ice loss is associated with considerable surface and lowertropospheric warming in the polar regions; however, this localized warming is more confined in height and in latitude in the Antarctic case. Interestingly, the surface warming response in the Antarctic is unable to penetrate the interior of the Antarctic continent in these runs. Similarly, changes in precipitation are also confined to the polar regions. One possible reason for these two results, which motivates further study, is the lack of ocean coupling in these experiments. Sea ice loss in both hemispheres causes the tropospheric jet to shift equatorward; this is a negative feedback on the poleward jet shift associated with increased concentrations of greenhouse gases. The stratospheric response to Antarctic sea ice loss is smaller than the response to Arctic sea ice loss, and has a different seasonality. Comparison of our results with S15 suggests that stratospheric response to Arctic sea ice loss could be dominated by the large levels of internal variability in the stratosphere.
Perhaps the largest difference between the atmospheric effects of Arctic and Antarctic sea ice loss is their seasonal variability, even though the seasonal cycles of the net surface fluxes are similar. The peak response in the atmospheric circulation is seen in winter, but the amplitude of that response is significantly larger for Arctic sea ice loss than for Antarctic sea ice loss. However, the tropospheric response in the Antarctic is seen throughout the calendar year, whereas the response in the Arctic is mostly confined to winter and spring. The only impact of Antarctic sea ice loss that is of larger FIG. 11 . Surface temperature response to Arctic and Antarctic future sea ice loss. Stippling denotes a statistically significant response at the 95% confidence level.
amplitude than of its Arctic counterpart, is a weakening of the tropospheric jet, which peaks in winter. A key difference between two hemispheres is found in the zonality of the response to sea ice loss. For the Antarctic, the response of the atmospheric circulation is approximately zonally symmetric, whereas for the Arctic sea ice loss the response shows an important regional structure, with much of it located over the Pacific basin.
b. Discussion
One important caveat of these findings is that they are derived from a single climate model, so they are only as reliable as our model can be. It is obviously desirable to repeat our exercise with other models, to confirm these results and estimate the spread across models. One would want to understand why the results of Kidston et al. (2011) are in stark contrast to the findings of this study and that of Bader et al. (2013) . Recent results from studies investigating the response to Arctic sea ice loss have highlighted the dependence of the results on the mean state of the atmosphere (Screen and Francis 2016; Osborne et al. 2017; . Any biases in the background state of the control run, or the period chosen for the control run, could impact the results. This may explain some discrepancies between the results of this study and S15, even though the same model was used with a very similar experimental setup; also, the choice of 1955 rather than 2000 forcing could contribute to any differences. Further complicating the issue, there is evidence suggesting that the atmospheric response has a nonlinear relationship to the magnitude and location of the sea ice loss (Chen et al. 2016; Screen 2017b) .
It is important to recall that recent observed sea ice trends in the Antarctic look very different to those simulated in WACCM, and in all other currentgeneration climate models; models show significant levels of high-latitude warming and a decline in sea ice extent in the last several decades. The literature is divided on whether the reason for this discrepancy is due to high levels of internal variability (Polvani and Smith 2013; Zunz et al. 2013; Gagne et al. 2015) or to, yet to be robustly identified, major flaws in the models (Marshall et al. 2014; Kostov et al. 2017; Rosenblum and Eisenman 2017) . Whatever may be the case, it is hard to imagine that there will not be significant melting of Antarctic sea ice by the end of the century in response to increasing greenhouse gases, so our exercise is still informative. For instance, from our study we can learn something about possible circulation errors in the future projections. If, in the future, Antarctic sea ice loss occurs at a slower rate than projected by the current generation of climate FIG. 12 . Precipitation response to Arctic and Antarctic future sea ice loss (mm day 21 ). Stippling denotes a statistically significant response at the 95% confidence level. models, then model projections are also likely to overestimate the future local warming and underestimate the poleward shift of the jet as well as the jet strength. Our results offer an initial estimate of the magnitude of these potential errors. An important finding from our study is that, in our model, surface temperatures over the interior of the Antarctic continent appear not to respond to changes in sea ice conditions (even with the substantial end of the century sea ice loss imposed). In recent decades, the West Antarctic regions have been warming in the autumn (Schneider et al. 2012; Bromwich et al. 2013 ) but the eastern part of the continent has experienced a small cooling trend (Nicolas and Bromwich 2014) . The extent to which these regional trends are due to internal variability (Smith and Polvani 2017) or are part of an anthropogenically forced response (Steig et al. 2009 ) is an open question. Our study suggests that cooling of the interior of Antarctica may be unrelated to changing sea ice conditions, but further investigations that couple an interactive ocean to the atmosphere are necessary to validate this hypothesis.
The next step to further our understanding of the effects of Antarctic sea ice loss, which we aim to complete soon, will be to repeat the same experiment using WACCM with a coupled ocean rather than fixed SSTs, using the approach of Deser et al. (2015) . Literature on the Arctic suggests that including a coupled ocean can allow sea ice loss to have an impact on the low latitudes Tomas et al. 2016; Blackport and Kushner 2017) and have an amplified effect on the high latitudes because of feedbacks . One would want to investigate whether this amplifying effect is as large in the Southern Hemisphere given the different configuration of oceans and landmasses in the Southern Hemisphere. In addition, it is important to understand how a coupled ocean might affect the difference in seasonality of the atmospheric response to Arctic and Antarctic sea ice loss that we have shown in this study. carried out with high-performance computing support provided by NCAR's Computational and Information Systems Laboratory, which is sponsored by the National Science Foundation. The data produced for and analyzed in this paper are archived on the High Performance Storage System (HPSS) at the National Center for Atmospheric Research, and can be provided upon request.
APPENDIX
Calculating Net Surface Heat Flux and Net Forcing to the Atmosphere
The net surface heat flux is calculated as the sum of the longwave flux, the sensible heat flux, and the latent heat flux at the surface. We then average the net surface heat flux over all areas that have lost sea ice, the masks are calculated separately for each month. The area-average net surface heat flux has units of watts per square meter (W m
22
). The net forcing to the atmosphere is calculated by multiplying the area-averaged heat flux by the total area of sea ice loss for each month. The net forcing to the atmosphere has units of W.
